Background: Given the extent of the surgical indications for pulmonary lobectomy in breathless patients, preoperative care and evaluation of pulmonary function are increasingly necessary. The aim of this study was to assess the contribution of preoperative pulmonary rehabilitation (PR) for reducing the incidence of postoperative pulmonary complications in non-small cell lung cancer (NSCLC) patients with chronic obstructive pulmonary disease (COPD). Methods: The records of 116 patients with COPD, including 51 patients who received PR, were retrospectively analyzed. Pulmonary function testing, including slow vital capacity (VC) and forced expiratory volume in one second (FEV 1 ), was obtained preoperatively, after PR, and at one and six months postoperatively. The recovery rate of postoperative pulmonary function was standardized for functional loss associated with the different resected lung volumes. Propensity score analysis generated matched pairs of 31 patients divided into PR and non-PR groups. Results: The PR period was 18.7 AE 12.7 days in COPD patients. Preoperative pulmonary function was significantly improved after PR (VC 5.3%, FEV 1 5.5%; P < 0.05). The FEV 1 recovery rate one month after surgery was significantly better in the PR (101.6%; P < 0.001) than in the non-PR group (93.9%). In logistic regression analysis, predicted postoperative FEV 1 , predicted postoperative % FEV 1 , and PR were independent factors related to postoperative pulmonary complications after pulmonary lobectomy (odds ratio 18.9, 16.1, and 13.9, respectively; P < 0.05). Conclusions: PR improved the recovery rate of pulmonary function after lobectomy in the early period, and may decrease postoperative pulmonary complications.
Introduction
Although there have been advances in the management of non-small cell lung cancer (NSCLC), complete anatomical resection remains the most effective treatment in patients with early-stage NSCLC. However, many patients with NSCLC also have chronic obstructive pulmonary disease (COPD), which increases their risk of postoperative complications and mortality. 1 The preoperative physiological assessment of patients undergoing pulmonary lobectomy should begin with lung function assessment that includes spirometry to measure slow vital capacity (VC), and forced expiratory volume in one second (FEV 1 ), and predicted postoperative pulmonary function should be calculated. In addition, the diffusing capacity for carbon monoxide (D LCO ) or cardiovascular evaluation can be performed when appropriate. 2 In NSCLC patients with COPD, pulmonary lobectomy may lead to a deterioration in residual pulmonary function resulting from the loss of functioning parts of the lungs, but in limited cases, pulmonary function may be improved, for example, by eliminating nonfunctional emphysematous lung areas, especially after upper lobectomy. 3, 4 However most COPD patients have poor respiratory function and progressive physical disability. Therefore, some regional functional differences may make NSCLC excision impossible in COPD patients even though cancer resection is anatomically possible.
Preoperative pulmonary rehabilitation (PR) may improve exercise tolerance, symptoms, and quality of life in COPD patients following lung volume reduction surgery or lung transplantation. [5] [6] [7] The benefit of PR for patients undergoing lung resection for NSCLC is well established and is gaining momentum as part of the enhanced recovery pathway. [8] [9] [10] Although it is well understood that PR may improve preoperative pulmonary function and functional status, its effect on reducing perioperative pulmonary complications has not been clearly demonstrated. 7, [11] [12] [13] A few studies have shown a significant benefit of PR on clinical outcomes in patients with NSCLC, but these studies also included many non-COPD patients. 14, 15 No study has shown that PR reduces postoperative pulmonary complications specifically in patients with COPD and NSCLC.
To decrease morbidity and the postoperative complication rate, improving or maintaining patients' preoperative general condition and pulmonary function is considered essential for COPD patients scheduled to undergo lung surgery. In this study, the clinical effects of PR on postoperative pulmonary complications were retrospectively evaluated in NSCLC patients with COPD who underwent pulmonary lobectomy.
Methods Patients
The medical records of 589 consecutive patients with NSCLC who underwent pulmonary lobectomy between September 2005 and January 2016 at our institute were retrospectively reviewed. Patients lost to follow-up or those with complications that prevented postoperative pulmonary function testing at either one or six months following surgery were excluded. Cases of sublobar resection, pneumonectomy, or concomitant resection with the thoracic chest wall were also excluded. Finally, 116 patients met the selection criteria and were enrolled in the study, including those who had experienced complications. Our institutional review board approved this retrospective analysis (permit number: 889), and informed consent was obtained from all patients after discussion of the general risks and benefits of pulmonary lobectomy for lung cancer. The 116 patients with COPD who underwent lobectomy were divided into a PR group (n = 51) and a non-PR group (n = 65). All patients underwent a complete preoperative pulmonary evaluation. None of the patients had received preoperative chemotherapy or radiation. A prolonged air leak was defined as air leakage lasting seven days or more. 16 Delayed pneumothorax was defined as pneumothorax inclusive of increasing residual dead space on the surgical side after chest tube removal and the cause was considered a pulmonary fistula.
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Pulmonary function testing
Pulmonary function was tested at our institute using a spirometer (CHESTAC 8800, CHEST M.I. Inc., Tokyo, Japan) according to American Thoracic Society standards. 18 VC and FEV 1 were measured in patients preoperatively and at one and six months postoperatively. The measurements were documented in the form of the actual volume and the ratio of the actual volume to the standard volume determined by the age, gender, and height of the patient. The percentage of predicted-FEV 1 (%FEV 1 ) is defined as FEV 1 of the patient divided by the average FEV 1 in the population for any person of similar age, gender, and body composition. The actual degree of postoperative functional loss in proportion to the resected lung volume was calculated as the recovery rate, using the following formula:
Recovery rate = measured postoperative value= ð predicted postoperative valueÞ × 100 % ð Þ Briefly, predicted postoperative pulmonary function was calculated according to the formula described in a previous report. 19 The calculation was based on the number of segments that remained after surgery. To evaluate the predicted postoperative value in patients with PR, the pulmonary function test values after preoperative PR were used in this calculation.
The diffuse capacity of the lungs for carbon monoxide (D LCO ) was measured in cases of COPD stage II or higher, according to Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria. 20 
Pulmonary rehabilitation
The inclusion criteria for PR in our institute are as follows: (i) calculated predicted postoperative FEV 1 under 1000 mL, (ii) COPD staging by GOLD criteria stage II or higher, (iii) marked diffuse emphysematous changes on preoperative computed tomography, and (iv) an Eastern Cooperative Oncology Group (ECOG) performance status score of two or more. Patients that met at least one of these criteria and provided their agreement underwent PR.
In the PR group, the patients were trained to master adequate breathing and coughing techniques, instructed on incentive respiratory exercise, and practiced peripheral muscle exercise training including a cycle ergometer for two to four weeks (five days a week) under physiotherapist supervision. The patients themselves continued the training involving breathing and coughing techniques until the morning of the day of surgery. After lung resection, PR started as early as postoperative day 1. First, diaphragmatic breathing exercises, peripheral circulation exercises, aerosol therapy with bronchodilators, and exercises for chest expansion and shoulder girdle mobilization were introduced. After discharge, patients were followed-up clinically, and spirometry was performed one and six months after surgery. The differences in PR durations between the patients resulted from various reasons, such as the choice of date of surgery or the patients' convenience. All patients with COPD were treated by bronchodilator therapy for at least four weeks preoperatively, and smoking ceased for at least four weeks before surgery.
Surgical procedures
Patients were intubated using a double-lumen endotracheal tube. The affected lung was deflated as soon as the pleural space was opened. The choice of surgical procedure, videoassisted thoracoscopic surgery (VATS) or open thoracotomy, was left to the discretion of the operating surgeon. The open-method was performed via posterolateral thoracotomy (length 6-12 cm) dividing the latissimus dorsi and anterior serratus muscles. VATS involved performing the main procedures via mini-thoracotomy (length 4-6 cm) with a monitor and direct vision. Systematic hilar and mediastinal lymph node dissection was performed in all cases. After completing the procedure, the lung was reinflated to check for air leakage. A single straight chest tube was placed in the posterior apex, which was connected to the chest drainage system, and then -10 cm H 2 O of suction was added on the day of surgery.
Postoperative management
In general, patients were extubated at the end of the operation and transferred to the ward after a brief stay in the recovery area. The chest tube was placed on water seal on the morning of postoperative day 1. A chest X-ray was obtained daily. Chest tube withdrawal criteria were: absence of air leakage through the chest tube at the time of the evaluation, pleural fluid drainage under 200 mL/ 24 hours, and postoperative chest X-ray showing no pneumothorax. The chest tube was removed at the earliest on the third postoperative day. On the morning after chest tube withdrawal, a chest X-ray was performed to rule out the occurrence of pneumothorax. The patients were discharged when convenient if no complications occurred during this perioperative period. All patients were followed-up postoperatively every three to six months for five years.
Statistical analysis JMP 12.2.0 (SAS Institute, Inc., Cary, NC, USA) software was used for statistical analysis. Groups were compared using the Pearson chi-square test, and comparisons of functional changes after surgery within each group were made using the two-sample Student's t-test for paired data. In all cases, two-tailed tests were performed. To control for potential differences in the preoperative characteristics of patients in the two groups, a propensity score matching method was used. The propensity scores were generated using logistic regression based on clinically relevant preoperative variables such as age, gender, height, pack-years smoked, ECOG performance status score, predictedpostoperative FEV 1 Multivariate predictors were evaluated using logistic regression analysis, and the odds ratios (ORs) and 95% confidence intervals (CIs) were estimated. On logistic regression analysis, the conventional receiver-operating characteristic (ROC) curve was used to determine the cutoff value of each variable that gave maximal sensitivity and specificity with respect to predicting postoperative pulmonary complications in this study population. Differences between groups were considered significant at P < 0.05. Normally distributed continuous data were expressed as mean AE standard deviation (SD). Categorical data were expressed as counts and proportions.
Results
A total of 589 patients who underwent pulmonary lobectomy for NSCLC were retrospectively reviewed. The reasons for excluding patients from this study are shown in Figure 1 . Complications preventing pulmonary function test follow-up resulted in the exclusion of 13 cases. The most common reason for loss to follow-up was that patients could not come to the hospital (e.g. transportation problem or work responsibilities) at either one or six months after surgery. COPD was present in 51 patients (44.0%) in the PR group and 65 patients (13.7%) in the non-PR group. Thus, 116 patients with COPD were enrolled in this study, and their clinical characteristics are summarized in Table 1 . Age and Brinkman Index were significantly higher in the PR group. Furthermore, preoperative pulmonary function and the predicted postoperative value were significantly poorer in the PR group.
Propensity score analysis generated well-matched pairs of 31 patients (Table 2) ; briefly, 60.8% (31/51) in the PR group and 47.7% (31/65) in the non-PR group were matched. There were no significant differences in observed preoperative variables such as age, gender, height, Brinkman Index, and all predicted postoperative pulmonary function parameters between the groups after matching. The balance of each sample size was assessed by standardized differences, and its values on preoperative variables were mostly under 0.1. After propensity score matching, the population of COPD stage II or higher was significantly reduced (16.1% in the non-PR group and 22.6% in the PR group). The D LCO was measured in cases of COPD stage II or higher in our institute; therefore, it was difficult to evaluate the D LCO in this study.
The locations of lung cancer are summarized in Table 3 , and the details of complications in COPD patients after pulmonary lobectomy are shown in Table 4 . The duration of PR was 18.7 AE 12.7 days. Preoperative pulmonary function was significantly improved after PR (VC 5.3%, FEV 1 5.5%, both P < 0.05) (Fig 2) . Postoperative pulmonary function testing was performed at one month (1.2 AE 0.3 months) and six months (6.4 AE 0.5 months). The recovery rate of VC one month after surgery was not significantly different between the groups, but the recovery rate of FEV 1 one month after surgery was significantly better in the PR group (101.6%; P < 0.001) compared to the non-PR group (93.9%) (Fig 3) . There was no significant difference between the groups regarding the recovery rate of postoperative VC/FEV 1 at six months.
Logistic regression analysis was performed to estimate the predictors of postoperative pulmonary complications after surgery ( Table 5 ). The threshold was determined based on ROC analysis (as mentioned in the Methods section). Use of this cut-off value is limited to this study, because the threshold was determined based on ROC analysis of this study population. In logistic regression analysis, age, predicted postoperative FEV 1 (<1500 mL), predicted postoperative % FEV 1 (≤60%), and PR were independent factors related to postoperative pulmonary complications after pulmonary lobectomy (OR 1.53, 7.10, 6.80, and 6.42, respectively; P < 0.05). These results indicate that PR could contribute to reducing postoperative pulmonary complications after pulmonary lobectomy in NSCLC patients with COPD.
Discussion
Pulmonary rehabilitation has been shown to significantly reduce dyspnea and improve exercise capacity in COPD patients prior to surgery, and may help improve these parameters and allow patients with borderline and poor lung function to undergo curative surgery. 21 However, the exact effect of PR on postoperative pulmonary complications in NSCLC patients with COPD has not been elucidated. The main objective of the present study was to determine whether preoperative physiotherapy has any effect on lung function and the incidence of pulmonary complications after lung resection surgery. This study demonstrated that PR may be an option for improving COPD, chronic obstructive pulmonary disease; PR, pulmonary rehabilitation. 
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COPD, chronic obstructive pulmonary disease; NSCLC, non-small cell lung cancer; PR, pulmonary rehabilitation. pulmonary function and the recovery rate of pulmonary function after lobectomy in the early period. Furthermore, logistic regression analysis showed that PR could contribute to reducing postoperative pulmonary complications after pulmonary lobectomy in NSCLC patients with COPD. Many investigators have established the benefits of pulmonary rehabilitation; however, the duration of a standard program for COPD was generally 6-12 weeks, 22, 23 although several studies reported that short-term PR, such as two to four weeks, still improved patients' postoperative condition. 7, 11, 12, 24 Recently, short-term PR has been generally accepted. Because it is necessary for patients with malignant disease to undergo surgery without delay, effective short-term preoperative PR programs should be adopted. In the present study, the PR period was generally two to four weeks. Our results suggest that this short-term PR contributes to an improvement in pulmonary function and the recovery rate of pulmonary function after lobectomy in the early period, as well as to reducing postoperative pulmonary complications. These results indicate that shortterm PR of two to four weeks may be an acceptable duration considering the trade-off between cancer therapy and effective PR.
Many of the common complications after thoracic surgery are pulmonary in nature. Varela et al. reported that atelectasis developed less commonly in the PR group than in a control group. 25 The mechanisms by which PR improves postoperative pulmonary complication are still not clear, but coughing, deep breathing using an incentive spirometer, walking, and performing other seemingly minor activities all might contribute to decreasing the incidence of postoperative complications, such as pneumonia. 26 It is possible that PR may prevent acute respiratory distress syndrome, which starts with pneumonia, but a randomized, prospective study is needed to confirm this. D LCO, a method for evaluating pulmonary function, is a good predictor of complications. However, D LCO was not routinely measured in the present study, although it was measured in patients with GOLD stage II or higher, which indicates severely compromised respiratory function, such as idiopathic interstitial pneumonia. Because these specific predictors are more accurate, it would be worth measuring D LCO to evaluate its use as a high-risk group marker in future studies.
In the present study, the recovery rate was used to evaluate the degree of difference between the measured postoperative pulmonary function and the expected value. The recovery rate of FEV 1 at one month after surgery was significantly better in the PR than in the non-PR group. The reason for this is unclear, but the PR effect may have continued for at least up to a month after surgery. In support of this hypothesis, Horie et al. reported that short-term PR (two weeks of PR followed by continued one-day PR every month up to 1.5 years) in 47 COPD patients resulted in the maintenance of pulmonary function and exercise performance over the long term. 27 This result suggests the possibility that short-term PR, such as two weeks, might have an effect for at least a month. PR was not performed in patients after discharge in the present study, thus further investigation is needed to clarify these mechanisms.
Previously published studies have shown COPD to be a well-known risk factor for postoperative pulmonary complications. 28, 29 Whereas PR improves the functional parameters responsible for inoperability, 22 the selection criteria for enrolling patients in PR are still controversial. A recent study demonstrated that, even in patients with early-stage COPD, the prevalence of postoperative pulmonary complications was higher than in NSCLC patients with normal spirometry. 29 In the present retrospective review, the non-PR group included stage I COPD. Our finding that PR reduced postoperative pulmonary complications may indicate that PR should be performed even at stage I COPD. Nevertheless, the retrospective nature of the present study is a limitation. Considering the relationship between PR and postoperative pulmonary complications, it is very difficult to conduct a randomized, controlled clinical trial (RCT) to compare patients with NSCLC and COPD undergoing pulmonary lobectomy, because randomizing patients into two groups with and without PR may present serious ethical concerns. Therefore, to overcome this limitation and to minimize bias, the best approach is to use a large registry and propensity score-matched data. In summary, our results suggest that PR may be an option to improve pulmonary function and the recovery rate of pulmonary function after lobectomy in the early period. Our results also suggest that PR could contribute to reducing postoperative pulmonary complications after pulmonary lobectomy in NSCLC patients with COPD.
